We demonstrated a novel strategy for the preparation of light down-converter by combining rod-coil block copolymers with perovskite quantum dots (QDs) through electrospinning. Reports have shown that polymer deformability can be enhanced by incorporating a soft segment and controlled by varying the rod/coil ratio. Therefore, we first synthesized the rod-coil block copolymer through the click reaction of polyfluorene (PF) and poly(n-butyl acrylate) (PBA). Next, the CsPbBr 3 @PF 8k -b-PBA 12k composite fibers were fabricated by blending perovskite through electrospinning. Optical spectral evidence demonstrated the success of the strategy, as light down-converters were prepared through the controlled variance of QD/polymer ratios to achieve tunable color and stretchability. This result reveals the potential of using rod-coil block copolymers to fabricate color-tunable perovskite light down-converters.
Introduction
Several organic semiconducting materials have been studied due to their potential beneficial properties, such as solution processability [1, 2] , band gap tuning [3] [4] [5] , chemical structure, and self-assembly [6, 7] . Satisfactory intrinsic active materials must be able to sustain large mechanical deformation and maintain high semiconducting properties for use in stretchable optical devices due to the growth of artificial intelligence technology [8] [9] [10] [11] . With the growing enthusiasm for bioinspired robotics and healthcare wearables, it is essential to develop materials that can be flexible under high deformation and adhere to irregular surfaces [12] [13] [14] [15] . Therefore, conjugated polymers incorporating elastomeric materials provide promising opportunities for satisfying current requirements. Several methods, including polymer blending [16] [17] [18] [19] , embedding [20, 21] , and chemical modification [22, 23] , have been widely utilized to enhance the stretchability and flexibility of materials. For example, Bao et al. [24] revealed a potential material based on 3, 6-di(thiophen-2-yl)-2,5-dihydropyrrolo [3,4-c] (PF-b-PBA) blended with perovskite (CsPbBr 3 ) to make nanofiber membranes through electrospinning on light down-converters. The rod-coil di-block copolymers (PF-b-PBA) were synthesized through the click reaction with ethynyl-terminated PF and azido-terminated PBA homopolymers, in accordance with a previous study [27] . To increase the viscosity of the di-block copolymers, which facilitates electrospinning, we synthesized PF-b-PBA with high molecular weight by combining Suzuki-Miyaura coupling polymerization for the PF block and atom transfer radical polymerization (ATRP) for the PBA block. Owing to the multifunction of electrospinning, we applied on an LED chip by using a nanofiber mat, which we fabricated via electrospinning [45] [46] [47] [48] [49] [50] [51] . The effects of the nanofiber mat prepared through electrospinning from PF-b-PBA blended with perovskite (CsPbBr 3 ) were analyzed for deformation morphology and optical properties by using optical microscopy, UV-visible spectrometry, spectrofluorometry (PL), and confocal microscopy. In addition, we employed electrospinning to develop white-light-emitting fibers that can be color tuned by varying the perovskite/PF ratio. This work represents an authoritative stride in the field of perovskite electronics by opening new possibilities for white-light-emitting down-converter devices.
Results and Discussion
To prepare rod-coil block copolymers via the copper-catalyzed click reaction, first, the homopolymer with appropriate functional groups were synthesized in accordance with previous reports [31] . A benzyl alcohol-terminated polyfluorene (PF 8k -BnOH) was synthesized using Suzuki-Miyaura coupling polymerization and then modified to the alkynyl-terminated PF (1, alkyne-PF 8k ) through esterification with 5-hexynoic acid. The 1 H NMR spectra of the PF 8k -BnOH and PF 8k -C≡CH clearly show the shift in the benzyl proton (from 4.80 ppm to 5.24 ppm) and appearance of new signals due to the hexynoate moiety (f: 2.55, h: 2.32, i: 2.00, and g: 1.92 ppm) after the modification, which indicated the successful synthesis of PF 8k -C≡CH ( Figure S1 ). The azido-terminated PBA was produced through atom transfer radical polymerization (ATRP) using 2-bromo-2methylpropanoate as the initiator. Subsequently, sodium azide was utilized to convert the bromo-terminated group to the azido group. The 1 H NMR spectra of azido-terminated PBA (2, PBA-N 3 ) backbone (a: 1.82-1.95 and b: 2.15-2.41 ppm) and butyl side chain (c: 3.89-4.08, d and e: 1.45-1.65, and f: 0.85-0.97 ppm) are depicted in Figure S2 . The structures of the PBA were further confirmed by the FTIR spectrum ( Figure S3 ). The FTIR spectrum of the PBA displayed a characteristic stretching band at 2100 cm −1 , which corresponds to the azido group. Finally, the rod-coil block copolymer, poly [2, 7-(9, 9-dihexyl-fluorene)]-block-poly(n-butyl acrylate) (PF-b-PBA), was synthesized by coupling ethynyl-terminated PF with azido-terminated PBA; the synthetic pathway is illustrated in Scheme 1. The molecular characteristics of polymers are listed in Table 1 . Similarly, the 1 H NMR signals of PF 8k -b-PBA 12k exhibited the same characteristic protons of long alkyl chain from both the PF and PBA segments, and the peak at 2100 cm −1 due to presence of the azido group completely disappeared from the FTIR spectrum ( Figure 1 ). In addition, the SEC traces of the polymers ( Figure S4 ) displayed a unimodal peak with the M w /M n value of 1.43, which clearly shifted toward a higher molecular weight region compared with that of the homopolymer owing to the successful coupling reaction. Next, we investigated the thermal behavior of the polymers by using TGA and DSC; the results are summarized in Table 2 . We reveal that the thermal degradation temperature (Td, 95% weight loss) of the PF8k-b-PBA12k (350 °C) is in between the PF8k (401 °C) and PBA12k-N3 (340 °C) homopolymers, which shows favorable thermal stability( Figure S5 ). Moreover, the PF8k-b-PBA12k exhibited two glass transition temperatures (Tg) that are from individual homopolymers: 78 °C (PF8k) and −54 °C (PBA12k-N3). The individual phase transitions from PF and PBA are due to the incompatibility between the Next, we investigated the thermal behavior of the polymers by using TGA and DSC; the results are summarized in Table 2 . We reveal that the thermal degradation temperature (Td, 95% weight loss) of the PF8k-b-PBA12k (350 °C) is in between the PF8k (401 °C) and PBA12k-N3 (340 °C) homopolymers, which shows favorable thermal stability( Figure S5 ). Moreover, the PF8k-b-PBA12k exhibited two glass transition temperatures (Tg) that are from individual homopolymers: 78 °C (PF8k) and −54 °C (PBA12k-N3). The individual phase transitions from PF and PBA are due to the incompatibility between the Next, we investigated the thermal behavior of the polymers by using TGA and DSC; the results are summarized in Table 2 . We reveal that the thermal degradation temperature (T d , 95% weight loss) of the PF 8k -b-PBA 12k (350 • C) is in between the PF 8k (401 • C) and PBA 12k -N 3 (340 • C) homopolymers, which shows favorable thermal stability( Figure S5 ). Moreover, the PF 8k -b-PBA 12k exhibited two glass transition temperatures (T g ) that are from individual homopolymers: 78 • C (PF 8k ) and −54 • C (PBA 12k -N 3 ). The individual phase transitions from PF and PBA are due to the incompatibility between the rod PF and the coil PBA phase; these tend to separate into different domains, resulting in the presence of two T g values [27] . The SEM images of CsPbBr 3 QDs@PF 8k -b-PBA 12k composite fibers (1 g block copolymer and 400 µL perovskite dissolve in 2 mL CH 2 Cl 2 ) prepared by electrospinning are presented in Figure 2a ,b. The fabricated fibers are uniform and show average diameters of 8-10 µm. Moreover, their surface morphology is smooth, indicating that no perovskite crystals appeared on the fiber surface. Figure 2c shows the XRD data of the CsPbBr 3 @PF 8k -b-PBA 12k fiber (1 g/400 µL) compared with CsPbBr 3 @PF 8k -b-PBA 12k (1 g/400 µL) and CsPbBr 3 QDs films. The CsPbBr 3 @PF 8k -b-PBA 12k film and CsPbBr 3 @PF 8k -b-PBA 12k fiber did not show any perovskite peak. We speculate that this is due to theinside of the fiber. Therefore, we conducted confocal imaging for CsPbBr 3 QDs@PF 8k -b-PBA 12k that was excited by ultraviolet (UV) light at a wavelength of 380 nm, as shown in Figure 2d . The perovskite and the PF in the sample emitted their original light colors, which verified that they retained their fluorescent properties after electrospinning and that the perovskite QDs were encapsulated inside the polymer fiber. The UV-vis absorption and PL emission of the polymers prepared by spin coating and electrospinning are summarized in Table 2 . The photophysical property of their corresponding solution is presented in Figure S6 . In the case of the as-cast film, the λ abs max values of PF 8k and PF 8k -b-PBA 12k were observed at 384 and 386 nm due to the π-π conjugation of the PF segment. Concerning the as-cast film of λ PL max values, we can clearly observe the blueshift from PF 8k -b-PBA 12k , a phenomenon which could explain the phase separation from the PF and PBA segment. The blueshift was due to the aggregation of the PF phase. For the as-cast film of CsPBr 3 @PF 8k -b-PBA 12k , the π-π conjugation peak was also observed at 382 nm, and the λ PL max values showed peaks at 445, 471, and 510 nm, respectively. The distinct peaks of 445 and 471 nm relate to the different crystal phases of the PF and the peak of 510 nm is from the CsPbBr 3 QDs. The deformation of the PF homopolymer, PF8k-b-PBA12k block copolymer film, and CsPbBr3 QDs@PF8k-b-PBA12k composite fibers (1 g/400 μL) were measured directly using an optical microscope under different strains, as shown in Figure 3 . The polymer samples were prepared onto the polyurethane (PU) substrate by spin coating and electrospinning. All unstrained samples were observed without any cracks. By contrast, in the PF8k homopolymer sample, the cracks continuously enlarged as the strain increased. Due to the incorporation of the PBA soft segment, the stretchability of PF8k-b-PBA12k block copolymer was clearly enhanced. In addition, the stretchability of CsPbBr3 QDs@PF8k-b-PBA12k composite fibers exhibited good deformability even under 100% strain. However, the PF8k-b-PBA12k film started to crack when the strain reached 150%. By contrast, the CsPbBr3 QDs@PF8k-b-PBA12k fiber membrane exhibited no cracks even under 200% strain. This confirms that coil segment modification and nano-scale change by electrospinning can effectively enhance the stretchability of material [52, 53] . The deformation of the PF homopolymer, PF 8k -b-PBA 12k block copolymer film, and CsPbBr 3 QDs@PF 8k -b-PBA 12k composite fibers (1 g/400 µL) were measured directly using an optical microscope under different strains, as shown in Figure 3 . The polymer samples were prepared onto the polyurethane (PU) substrate by spin coating and electrospinning. All unstrained samples were observed without any cracks. By contrast, in the PF 8k homopolymer sample, the cracks continuously enlarged as the strain increased. Due to the incorporation of the PBA soft segment, the stretchability of PF 8k -b-PBA 12k block copolymer was clearly enhanced. In addition, the stretchability of CsPbBr 3 QDs@PF 8k -b-PBA 12k composite fibers exhibited good deformability even under 100% strain. However, the PF 8k -b-PBA 12k film started to crack when the strain reached 150%. By contrast, the CsPbBr 3 QDs@PF 8k -b-PBA 12k fiber membrane exhibited no cracks even under 200% strain. This confirms that coil segment modification and nano-scale change by electrospinning can effectively enhance the stretchability of material [52, 53] . The color-tunable light down-converters were successfully fabricated using a single layer of CsPbBr3@PF8k-b-PBA12k composite fiber on a commercial UV chip (λmax = 380 nm) and commission internationale de l'eclairage (CIE) is illustrated in Figure 4 . Furthermore, the color of the light downconverter can be controlled by varying the QD/polymer ratio by 1:100, 1:200, and 1:400 (1 g/400 μL) ( Figure 4 ). The insets in Figure 4 display the light down-converter with different correlated color temperatures (CCTs), which correspond to the emission images. The emissive intensity of perovskite becomes weaker when the ratio decreases. In other words, the higher intensity at 550 nm on greencolor-emission is observed with an increasing perovskite QD blending ratio. It is because of the obvious energy transfer (physical processes) from commercial UV LED chip (donor) and PF-block (donor) to perovskite QD (acceptor), which is similar to some papers [38, 44] . In this way, the CCTs and color can turn from green to blue. It is a novel and simple method of controlling the color by blending perovskite in the polymer fiber. The color-tunable light down-converters were successfully fabricated using a single layer of CsPbBr 3 @PF 8k -b-PBA 12k composite fiber on a commercial UV chip (λ max = 380 nm) and commission internationale de l'eclairage (CIE) is illustrated in Figure 4 . Furthermore, the color of the light down-converter can be controlled by varying the QD/polymer ratio by 1:100, 1:200, and 1:400 (1 g/400 µL) ( Figure 4 ). The insets in Figure 4 display the light down-converter with different correlated color temperatures (CCTs), which correspond to the emission images. The emissive intensity of perovskite becomes weaker when the ratio decreases. In other words, the higher intensity at 550 nm on green-color-emission is observed with an increasing perovskite QD blending ratio. It is because of the obvious energy transfer (physical processes) from commercial UV LED chip (donor) and PF-block (donor) to perovskite QD (acceptor), which is similar to some papers [38, 44] . In this way, the CCTs and color can turn from green to blue. It is a novel and simple method of controlling the color by blending perovskite in the polymer fiber. 
Conclusions
We successfully synthesized rod-coil PF8k-b-PBA12k block copolymers. Through the incorporation of a PBA soft segment, such a block copolymer is able to maintain high stretchability, which facilitates its application in a variety of functions, such as an electron-hole transport layer or emission layer in light down-converters. Furthermore, we utilized a simple electrospinning method to combine conjugated block copolymer with perovskite QDs to prepared light down-converters by single-layer fiber mats. In contrast to the multicolor stack and perovskite's halogen substitute methods, the light down-converter color can be tuned by varying the QD/polymer ratios and only using a single layer due to the double fluorescence combination. The results of the present study suggest that block copolymers combined with perovskite have the potential to achieve high stretchability as well as favorable fluorescent properties for versatile applications that require outstanding optical properties. 
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